1 T he neurological structures affected in traumatic CMI and CEI differ significantly from those structures injured in cervical and thoracic SCIs. As such, the management of these injuries and the analysis of their outcomes must accommodate these unique features. Despite the breadth of literature concerning thoracic and lumbar spinal cord trauma, few attempts have been made to specifically address the unique prognostic and therapeutic aspects of CMI and CEI. Compounding any attempts to accurately characterize the outcomes of these injuries, it is often assumed that the conus medullaris terminates at L1-2 despite its known variable location.
have evaluated the neuroanatomy at the level of the distal spinal cord and conus medullaris. At the T12-L1 disc space, the spinal cord began to taper and the L1-5 nerve roots formed a peripheral rim. Only 10-15% of the spinal cord remained uncovered by nerve roots at this level. Caudally, at the L1-2 disc space, the lumbar nerve roots were oriented from lateral to medial (L-2 most lateral and L-5 most medial), and the dorsal and ventral roots had come together. At this same level, the ventral and dorsal sacral roots remained separate and the caudal sacral roots encircled the terminal cord. Kesler and associates 34 have reviewed whole-spine MR images obtained in 100 children (average age 7.5 years) and found that the conus medullaris terminated between the lower third of T-12 and the middle third of L-2 in all children. The most common level was the lower third of L-1. Based on their review of 7 published series, the most common location for the termination of the conus medullaris was the L1-2 disc space, and the 95% confidence interval was from the T12-L1 disc space to the middle third of L-2. The range included the T11-12 disc space to the L-4 vertebra. Thus, across several spinal vertebral motion segments there exists a variety of neurological structures including the lower thoracic spinal cord or epiconus, the conus medullaris, and the cauda equina. Furthermore, the precise location of these neurological structures in relation to their specific spinal vertebral level is remarkably variable.
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The very practical impact of this neuroanatomy is that the description of a fracture or dislocation resulting in a neurological injury at the T12-L1 vertebral motion segment tells us very little about the precise neurological structure that has been injured. The neurological structures at the level of the thoracolumbar spine are critical for lower-extremity motor and sensory function as well as bowel, bladder, and sexual function. The lumbar sympathetic, sacral parasympathetic, and sacral somatic nerves originate within the conus medullaris and are carried within the nerve roots of the cauda equina. Although many of these lumbar roots descend over several vertebral segments within the thecal sac, the formal designation of the cauda equina begins below the termination of the conus medullaris. The cauda equina is an anatomical region where the only remnant of the spinal cord is the filum terminale and where the neurological structures include the lumbar and sacral nerve roots.
Incidence of Conus Medullaris and Cauda Equina Syndromes
McKinley et al. 43 have reviewed SCI clinical syndromes in 839 patients admitted for inpatient rehabilitation. Although the series included traumatic and nontraumatic injuries, the incidences of CEI and CMI were 5.2 and 1.7%, respectively. However, most of the CMIs were the result of trauma and 57% of these patients had ASIA Grade A or B function. Importantly, patients were categorized according to their clinical presentation; specifically their pattern of neurological injury and not their neuroanatomical level of injury based on imaging.
Clinical Evaluation
A thorough ATLS (advanced trauma life support) approach should be adhered to when evaluating a trauma patient with a spinal column injury. 25 The neurological examination is critical for characterizing the type of clinical syndrome a patient has sustained and is a key factor in management decisions 58 and prognostication. Examination of a patient with an acute traumatic CMI may reveal variable lower-extremity weakness, absent lower-limb reflexes, and saddle anesthesia. Preservation or early return of the BCR and anal reflex (usually reestablished 48 hours after SCI) are more commonly observed in patients with SCIs, whereas they are typically abolished with either CMI or CEI. Cauda equina injuries are pure lower motor neuron injuries. Their presentation may include absent deep tendon reflexes and BCR, a flaccid urinary bladder, and reduced lower-extremity muscle tone.
22 Asymmetrical lower-extremity weakness would favor a diagnosis of CEI when the clinical syndrome and advanced imaging studies render the classification of the presenting neurological syndrome more difficult. Such might be the case in an L-1 or L-2 burst fracture when the conus is not adequately visualized on MR imaging. This differentiation has relevance because, according to a strict interpretation of the ASIA classification, 20, 40 CEIs are not given an ASIA scale score. The BCR, delayed plantar reflex, and lower-limb deep tendon reflexes are variably used to describe the presence or absence of spinal shock, but they have a diminished clinical role in the setting of CMI and CEI because they may never return (Table 1) .
Various authors have attempted to correlate the neural axis level of injury with the severity of the initial neurological deficit. Gertzbein and associates 24 have stated that a positive relationship existed between an injury level and neurologic deficits, with more severe neurological injuries more likely to occur at the cord level. Using measurements of canal stenosis at the epiconus, conus medullaris, and cauda equina, in patients with and without neurological deficits, Hashimoto and coworkers 27 and Kim and colleagues 35 have demonstrated that a smaller degree of canal compromise results in greater neurological dysfunction at the epiconus level than the conus medullaris and cauda equina. Meves and Avanzi 45 have retrospectively analyzed data obtained in 184 patients and found that the degree of canal encroachment in thoracolumbar burst fractures was associated with the severity of the neurological deficit. These results reinforce the concept that the initial neurological deficit is influenced by both the magnitude of the traumatic neural impingement and by the anatomical and neurological level of injury. 
Imaging Assessment
Although plain radiographs provide useful information, particularly when assessing the effects of gravity on spinal alignment in a patient without a neurological deficit and questionable stability, their utility in the evaluation of an acute neurological deficit at the thoracolumbar spine is exceeded by advanced imaging modalities. Sagittal and coronal CT reconstructions are crucial for characterizing the osseous injury as well as the resultant osseous canal compromise. In the setting of a neurological deficit attributable to a traumatic thoracolumbar injury, MR imaging is almost always advisable. An MR imaging study may not be appropriate due to medical instability, patient size, or other contraindications related to metallic implants. The value of MR imaging includes the assessment of spinal cord signal change, evaluation of the posterior ligamentous complex, and nonosseous compression such as epidural hematomas. The integrity of the posterior ligamentous complex is an important consideration in the management of thoracolumbar burst fractures, and it is best evaluated with STIR or fatsuppressed T2-weighted sequences on MR imaging (Fig.  2) . 36, 58 Magnetic resonance imaging may also be of value in anticipating treatment complexities such as identifying the presence and location of disc or bone fragments in the spinal canal, anticipating the location of maximal spinal cord compression, and planning surgical approaches (Fig.   3 ). The extent of abnormal signal change in the spinal cord may have prognostic significance, as would a physical cord transection.
The most common spinal column injuries resulting in CMI or CEI are burst fractures and fracture dislocations. Flexion-distraction injuries may also lead to neurological deficits at these levels, although they are less common and have less risk of an associated neurological lesion. 18, 23, 38 Combining the assessment of spinal stability, neurological status, and unique patient factors, the surgeon is now able to develop an appropriate management plan. * Reflects a summary of complete lesions; more variation will be observed for incomplete lesions. Abbreviations: AR = adductor reflex; L/E = lower extremity; LMN = lower motor neuron; NCS = nerve conduction study; UMN = upper motor neuron; SSEP = somatosensory evoked potential.
Management
of CMI and CEI secondary to spinal column trauma, the treating surgeon must decide whether surgical treatment is indicated and, if so, what the surgical plan should entail. Ideally, the analysis should be evidence based and consider the balance of harms, benefits, and costs of a proposed intervention. 53 Treatment options include bed rest, orthoses, and various surgical approaches, construct lengths, and instrumentation alternatives. Prior to deciding on the precise option for definitive treatment, the surgeon must also determine the best location in which the care will take place. This depends on the local organization of trauma and spinal care systems, but there has been a definite move toward providing subspecialty care in dedicated spine and/or trauma units. It is hoped that the provision of protocol-directed care in these specialized centers will improve outcomes. This may be particularly relevant in the case of traumatic CMI or CEI in cases in which the patient will likely benefit from early expert management related to bowel and bladder function. Depending on the injury type, hospital resources, surgeon training, and availability of rehabilitation, management may include a referral to a more specialized center. Even at a center providing early stabilization and triage, the physician must ensure appropriate immobilization of the patient while minimizing time on transport devices, restoration of physiological hemodynamics and oxygenation, bladder drainage, and prevention of decubitus ulcers.
A review of published literature involving traumarelated neurological deficits affecting the thoracolumbar and lumbar spine reveals generally low-quality retrospective studies of heterogeneous patients and treatment approaches. Results specifically cited as relating to CMI or CEI may not be precisely applicable to these injuries because these syndromes are typically inferred based on the spinal level of injury or the neurological presentation.
Boerger and colleagues 4 have conducted a systematic review on the effectiveness of surgical decompression for thoracolumbar burst fractures in patients with a neurological deficit. Overall, a weak trend toward improved recovery in the nonsurgical group was reported in the context of heterogeneous surgical techniques. Patients with incomplete neurological deficits fared better after undergoing surgical stabilization and decompression. This review, which is supported by findings in other studies, continues to underscore that nonsurgical treatment is a viable alternative.
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Dall and Stauffer 14 have analyzed a small group of patients with T-12 and L-1 burst fractures and an incomplete neurological deficit, which they considered a "conus lesion." Only 6 of 14 patients had a functioning bladder initially, whereas 11 of 14 had normal bladder function at 1 year. Initial bladder function and recovery did not correlate with canal compromise, fracture pattern, or treatment (operative or nonoperative). There was no correlation between neurological recovery and nonoperative or surgical treatment in a study by Dendrinos et al. 17 Kim and coworkers 35 reviewed data in patients with 148 consecutive burst fractures, 71 of which were associated with a neurological deficit. A complete neurological injury was present in 23 patients and an incomplete neurological injury was present in 48. The neurological injury was defined as epiconus, conus medullaris, or cauda equina based on the spinal level, and the treatment varied between nonsurgical or anterior and posterior surgery. Canal compromise, the extent of decompression, and treatment technique were not found to be correlated with neurological recovery.
Lifeso and coworkers 37 have identified a subgroup of patients with an adequate decompression and resultant improved neurological recovery, but they detected no difference in terms of overall neurological outcome between operative and nonoperative treatment groups.
Other authors have suggested that patients with neurological deficits secondary to thoracolumbar and lumbar spinal injuries may benefit from surgical treatment in terms of shorter hospital stays, which often lead to more timely active rehabilitation. 6, 7, 16, 30 As a result of the population-based study by Daniels et al., 15 it would appear that patients with traumatic CMI, CEI, and SCI are frequently treated nonsurgically. Only 61.4% of patients with a thoracolumbar fracture and a neurological injury underwent surgery. The percentage is only slightly greater in the highest-volume centers. The conclusions drawn by Daniels et al. were based on a review of treatment codes and may be inherently flawed due to the potential inaccuracies in this type of administrative data.
In our opinion, the specific expertise necessary to provide safe, effective nonoperative care to patients with a SCI may be diminishing, particularly in North America and Europe. Contributing factors include external pressure to decrease length of stay in the acute hospital setting, better instrumentation techniques, and the trend to considering neurological status as a critical component in surgical decision making. 58 Furthermore, the hospital resources necessary to treat patients nonsurgically-specifically the availability of specialized beds, the availability of staff skilled in repositioning a patient with an unstable spine every 2 hours, and the willingness to delay participation in active rehabilitation-are all in short supply in most modern-day health care systems.
Although nonsurgical care of traumatic CMI and CEI will likely result in some degree of neurological improvement, the vast majority of these injuries should be treated with surgical stabilization and, when necessary, a concomitant decompression. Not only is this likely to reduce the duration of hospital stay and facilitate nursing and rehabilitation, but it is clearly safe from a neurological perspective and may optimize neurological recovery.
Surgical Approach/Timing
McAfee et al. 41 have evaluated 48 patients with thoracolumbar fractures and incomplete neurological deficits who underwent anterior decompression. Sixteen patients had pure CEI, 2 had CMI, and 30 had both. Only 12 of the 32 patients with CMI recovered normal bowel and bladder function. Furthermore, neural recovery was not associated with the timing of decompression. A minimum improvement of 1 motor grade was found in all patients with a CEI. The efficacy of anterior decompression outside of the early treatment period has been corroborated by others, specifically bladder improvement for injuries at T12-L1.
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Bradford and McBride 8 have retrospectively examined data obtained in 59 patients with thoracic and lumbar fractures. Thirty-three had a conus medullaris lesion and 17 had a CEI based on initial clinical examination and injury level (L-1 and L-2). Neurological improvement was not different overall between conus lesions treated anteriorly or posteriorly, but there were highly significant rates of bowel and bladder recovery between the posteriorly (11.7%) and anteriorly (70%) treated groups. Importantly, a statistically significant difference was seen in the quality of decompression for the anterior group, and many patients in the posterior group underwent decompression alone.
Hu et al. 29 have evaluated 69 patients with lumbar fractures and incomplete neurological deficits at an average of 19 months postoperatively. When examined as a group, patients with CMI (L-1) or CEI (L-2 or below) had statistically greater motor improvement, whether the decompression was anterior or posterior, compared with patients who underwent posterior fusion alone (7.7 vs 4.6).
Rahimi-Movaghar and colleagues 47 have retrospectively examined data acquired in 24 patients with traumatic CMI treated with posterior decompression and fusion and followed for 6 months. Patients with a neurological deficit and a T-12 or L-1 spinal column injury were inferred to have a CMI, although it is not clear whether the patient's conus medullaris was visualized on MR imaging. Sixty-six percent of patients initially had a complete neurological injury. Some degree of neurological recovery was seen in 41.6%, with an average Frankel score improvement of 1.5 and motor score improvement of 15 points. Bladder function improved in 63.6% and nerve root recovery occurred in 83% of the patients. Despite the promising attempt to analyze a homogeneous group, the value of the results are diminished by the lack of a control group, the small sample size, and no accounting for a potential variation in the conus medullaris location. Nonetheless, it would appear that posterior surgery alone is safe and acceptable in patients with CMI secondary to spinal column trauma.
Boriani and coworkers 5 have reported on a cohort of 101 patients and differentiated among SCI, CEI, and CMI. They noted that 79% of 19 patients with CMI or CEI experienced partial or complete resolution of their neurological symptoms. The surgical approach was generally early posterior decompression and stabilization, and delayed anterior vertebrectomy was an option depending on stability.
Kaneda and associates 31 have retrospectively reviewed data obtained in 150 consecutive patients with a thoracolumbar burst fracture and a neurological deficit who underwent anterior decompression and fusion; all patients were treated at a single center. Categorization of the neurological syndrome was based on clinical assessment: 13 patients had a pure CMI, 33 patients had a mixed CMI/CEI, and 69 patients had a pure CEI or nerve root injury. The difference between pre-and postoperative motor scores was greater in spinal cord-injured patients than in those with CEI, but the final motor score was higher in patients with CEI. There was no association between timing of surgery (earlier or later than 1 month) and the degree of neurological recovery, and nearly 75% of patients had complete neurological recovery. These dramatic neurological improvements have not been replicated in other studies. Only 5% of the patients had no recovery of neurological function at final follow-up. Complete bladder recovery was similar in the CMI and CEI groups and was present in 79% but only 59% for the epiconus group. McKinley et al. 43 have also found parity between CMI and CEI in terms of final scores of sphincter control Functional Independence Measure and total motor Functional Independence Measure.
Clohisy and coworkers 12 have examined the rate of neurological recovery in 20 patients based on the timing of surgery (within 48 hours compared with an average of 61 days) in cases of thoracolumbar fractures treated with anterior decompression and stabilization. Initially 75% of the patients with CMI exhibited profound bowel, bladder, and perianal sensory deficits. After early decompression, 44% of the patients had complete return of voluntary bowel and bladder function, whereas no patient who underwent late decompression had complete return of these functions. This result was not statistically significant and, based on the data presented, there is no reliable way to quantify and compare the 2 groups pre-or postoperatively. Motor improvement was significantly better in the group in which early decompression was performed. Unfortunately this study was underpowered, and the only conclusions that can be drawn from it are that early surgery is likely safe to perform and does not appear to be associated with a profound risk of neurological deterioration.
In a systematic review, Rutges et al. 50 have examined the timing of surgery in thoracic and lumbar fractures, and they concluded that early fixation improved clinical outcome in terms of complications and duration of hospital stay but that it had an unclear effect on neurological outcome. Studies were not limited to the thoracolumbar and lumbar spine, however. Included in the aforementioned systematic review was the study by Rath et al. 48 in which the authors reviewed 42 patients with a neurological deficit secondary to a thoracic or lumbar fracture; Rath et al. found that spinal level of injury did not influence neurological recovery.
Although no definite conclusions can be made with respect to the timing of decompression for traumatic CEI and CMI, the importance of early surgical intervention in the setting of atraumatic CEI is convincing. 56 Still, the many pathophysiological differences between the atraumatic and traumatic setting, such as the energy imparted to the neural structures, repeated insults, and secondary damage, as well as vascular insufficiency should lead to caution when extrapolating results.
Gunshot Wounds
In a prospective, multicenter study, Waters and Adkins 60 have observed that motor recovery was statistically greater in patients who underwent bullet removal for retained fragments when the lesion was between T-12 and L-4. This trend persisted when the groups were analyzed according to the completeness of the neurological injury. Bullet removal did not affect motor recovery in the thoracic spine: complete injuries had poor motor recovery and incomplete injuries improved irrespective of the treatment.
Rehabilitation Interventions
Early rehabilitative interventions for CMI and CEI are comparatively more important for overall patient outcomes than neurological outcomes. The involvement of a rehabilitation specialist at an early stage allows for continuity of care during the acute and rehabilitative phases. Early rehabilitative interventions include measures aimed at avoiding secondary complications. Patients with CMIs and CEIs should receive pharmacological thromboprophylaxis, and this treatment will continue into the rehabilitative phase. Depending on the duration of the stay in the acute hospital and the expertise of the hospital staff, the rehabilitation specialist may lead the discussion and initiate changes in bladder and bowel management. Patients and families will often have significant concerns regarding future bowel, bladder, and sexual function in addition to ambulatory potential. With CEI and CMI, ambulatory potential is often promising and the focus of critical education and counseling may be on bowel, bladder, and sexual function. Importantly, the rehabilitation specialist is continually assessing patients for their readiness to participate in an active SCI rehabilitation program. Typically this includes resolution of acute medical issues, cognitive understanding and motivation, and control of nociceptive and neuropathic pain.
Summary of Factors Affecting Neurological Outcome
Overall, there are many compelling arguments to favor a particular management approach in the treatment of traumatic CMI and CEI. From the perspective of neurological recovery, however, it is difficult to tease out critical factors that will influence recovery from the existing literature. The most important factor is likely the severity of the initial neurological deficit, and incomplete injuries are likely to improve in most circumstances. Initial spinal canal encroachment is not related to neurological outcome. Generally, based on what we found in the available literature, the selection of operative or nonoperative treatment and the timing of surgery do not appear to have a significant impact on neurological recovery. It should be noted that the timing of surgery reported is extremely variable. Many practitioners who are advocates of early surgery would consider surgery after 6-8 hours as delayed and yet early surgery is frequently categorized as that occurring before 48 hours. Anterior and posterior surgery result in similar neurological outcomes, although anterior decompression may lead to greater recovery of bladder function. Removal of bullet fragments in the setting of CMI and CEI is associated with improved neurological outcome ( Table 2) .
Management of Bladder/Sexual Function
Epiconus injuries result in an upper motor neuron syndrome of bladder dysfunction, whereas CEIs result in a lower motor neuron presentation. Injuries located within the conus medullaris will lead to a more variable degree of bladder dysfunction depending on the neuroanatomical structures involved but are typically lower motor neuron. Lower motor neuron syndrome is characterized by injury to the S2-4 anterior horn cells or the corresponding axons, and results in weak or flaccid detrusor activity. 9 The resultant atonic and flaccid bladder leads to urinary retention and overflow incontinence. Clinically, the BCR is abolished and the anal sphincter tone is reduced. Treatment consists of clean intermittent catheterization to ensure complete bladder emptying. Management goals include avoidance of bladder overdistension and retrograde urine flow, which may lead to pyelonephritis and secondary renal failure. In upper motor neuron syndrome the sacral micturition center and sacral reflex arcs continue to respond, although they are deprived of supra sacral control (brainstem and cortical micturition centers). This syndrome may lead to detrusor-sphincter dyssynergia with detrusor hyperreflexia. The latter is defined by increased pressure within the bladder and the potential risk of retrograde urine flow. Treatment is based on anticholinergic medication, or the application of botulinum toxin to the bladder wall in resistant cases, to reduce detrusor hyperreflexia and enable urine evacuation by clean intermit-tent catheterization. The use of condom catheters in male patients should be monitored by regular urodynamic examinations to avoid the development of a hyperreflexive bladder and to prevent late complications.
Chuang et al. 10 have attempted to characterize neurourological abnormalities based on the neural axis level of injury. Importantly, they used MR imaging to identify the true conus medullaris level in their attempt to investigate voiding dysfunction following thoracolumbar injuries. They found that the conus was most commonly at the L-1 level, but its range included T12-L3. Through EMG and urodynamic testing, they found that neurourological abnormalities were less predictable for conus medullaris and supra-conus medullaris lesions than for cauda equina injuries.
With respect to sexual function, men with a lower motor neuron lesion will have more difficulty achieving a reflexive erection from tactile stimulation owing to the disruption of a parasympathetically mediated reflex arc (S2-4). Psychogenic erections mediated sympathetically from T10-12 may still occur in cases of lower motor neuron lesions, whereas they are usually not sufficient to allow for sexual intercourse. In cases of upper motor neuron lesions, male patients have preserved reflexive erections while the psychogenic erection is abolished.
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The pharmacological treatment of erectile dysfunction depends on the level and extent of the SCI. Fertility issues, for female and male patients, should be specifically addressed by urologists and gynecologists with a specific interest in SCI because most patients will retain the ability to have children.
Conclusions
Despite the numerous publications on thoracolumbar and lumbar fractures, conclusions regarding CMI and CEI have been inferred because few studies account for the variable location of the conus medullaris within the spinal canal. Not unexpectedly, a greater degree of initial canal compromise is apparent in patients with a CMI or CEI than in those with a spinal cord level injury. There is a paucity of robust evidence favoring surgical decompression and stabilization of CEI and CMI over nonoperative treatment in terms of neurological outcome. However, like SCIs, complete CMIs and CEIs are much less likely to improve than incomplete injuries. Furthermore, surgical decompression for incomplete thoracolumbar injuries has become common practice and is supported by poorquality evidence in the literature. Nonsurgical treatment results in neurological improvement as well; however, the comparative efficacy or effectiveness of surgery and nonsurgical treatment cannot be assessed based on the available evidence specific to CMI or CEI.
Regardless of the potential influence of surgical treatment on neurological improvement, surgery may be preferred due to shorter hospital stays, earlier rehabilitation, availability of equipment and expert nursing care, and patient preference. When surgical treatment is selected, combined posterior decompression and stabilization appears to offer equivalent neurological outcomes in both CMI and CEI, with the benefits of surgeon familiarity and reduced morbidity. Anterior decompression may offer potential benefits in terms of bladder recovery, particularly in the delayed setting. Based the available evidence, the timing of surgery for traumatic CMI or CEI does not affect neurological recovery. Certainly, there does not appear to be any evidence of a deleterious effect from early surgical stabilization and/or decompression. Overall, CEI and CMI have similar outcomes that include ambulatory motor function and a variable persistence of bowel, bladder, and potentially sexual dysfunction. 
